However, an additional effect needs to be taken into account in our structure. E 21 decreases at a far greater rate with increasing temperature than does "q L , because of the increased electric field required for the higher threshold current density and the large spatial separation of states 2 and 1. As a result, the 2-1 'diagonal' transition shifts to the red, via the linear Stark effect, much more than does the 7-6 'vertical' transition. The net effect is the observed blueshift of the Stokes emission. This behaviour therefore represents additional evidence that the emission at 9 mm cannot be due to ordinary laser action.
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Correspondence and requests for materials should be addressed to M.T. Covalent bonding is commonly described by Lewis's theory 1 , with an electron pair shared between two atoms constituting one full bond. Beginning with the valence bond description 2 for the hydrogen molecule, quantum chemists have further explored the fundamental nature of the chemical bond for atoms throughout the periodic table, confirming that most molecules are indeed held together by one electron pair for each bond. But more complex binding may occur when large numbers of atomic orbitals can participate in bond formation. Such behaviour is common with transition metals. When involving heavy actinide elements, metal-metal bonds might prove particularly complicated. To date, evidence for actinide-actinide bonds is restricted to the matrix-isolation 3 of uranium hydrides, including H 2 U-UH 2 , and the gas-phase detection 4 and preliminary theoretical study 5 of the uranium molecule, U 2 . Here we report quantum chemical calculations on U 2 , showing that, although the strength of the U 2 bond is comparable to that of other multiple bonds between transition metals, the bonding pattern is unique. We find that the molecule contains three electron-pair bonds and four one-electron bonds (that is, 10 bonding electrons, corresponding to a quintuple bond), and two ferromagnetically coupled electrons localized on one U atom each-so all known covalent bonding types are contributing.
Multiple chemical bonds between transition metals were unknown to inorganic chemists until the crystal structure of K 2 [Re 2 Cl 8 ]·2H 2 O was reported 6 in 1965. A surprisingly short Re-Re distance of 2.24 Å was found, and assigned to a quadruple bond between the two rhenium atoms. Since then, hundreds of metal-metal multiple bonds have been characterized 7 . Here we extend the concept of metal-metal multiple bonding to the case of two actinide atoms.
The uranium atom (atomic number 92) has the ground-state electronic configuration (5f) 3 (6d) 1 (7s) 2 , corresponding to a quintet ground state. However, the energy cost of unpairing the 7s electrons by forming hybrid orbitals is minimal, and uranium thus has in principle six electrons available with which to form chemical bonds. In a Lewis-like formalism, these electrons would combine as electron-pair bonds, giving rise to a hextuple bond between the two atoms and a singlet ground state. Such behaviour is seen with the chromium dimer 8 , where the six valence electrons reside in the 3d and 4s orbitals of the Cr atom.
But whereas the Cr atom has exactly one valence electron in each of its six valence orbitals (the five 3d and one 4s orbitals), the U atom has 16 orbitals (seven 5f, five 6d, one 7s and three 7p) that are energetically close to one another. The bonding situation involving uranium is thus considerably more complex, given that all 16 orbitals may be considered valence orbitals available for forming the chemical bond in U 2 . This complexity makes simple inferences regarding the nature and strength of the U 2 bond impossible, despite the fact that the strength of a covalent bond depends only on the energy of the atomic orbitals on the two different centres involved, and on the overlap between the orbitals. In the case of U 2 , overlap between two 7s orbitals and between three out of the five 6d orbitals (forming one j-type and two p-type orbitals, respectively) will be large. The 5f orbitals will all have smaller overlap. However, the 5f atomic orbital energy level is lower than that of the 6d and 7s levels, and this would favour a system that does not deviate too much from the electronic configuration of the free atom when forming the dimer.
Given this complex situation, accurate computational investigations of the bonding in U 2 call for a method that allows all valence orbitals to combine freely to form the most stable chemical bond. The complete-active-space self-consistent-field (CASSCF) method 9 is such a method, offering maximum flexibility for describing electronic structures and capable of handling arbitrary spin. This flexibility is important because we cannot assume anything concerning the final number of paired electrons in U 2 .
CASSCF was used to generate multireference wavefunctions for subsequent multiconfigurational second-order perturbation theory calculations of the dynamic correlation energy (CASPT2) 10 . The effects of relativity, which are substantial for atoms as heavy as uranium 11 , were taken into account. The calculations were performed with MOLCAS-6.0 quantum chemical software 12 (see Methods for details).
Trial studies including different sets of valence orbitals in the active space all showed that three 'normal' electron-pair bonds are formed by hybrid atomic orbitals dominated by 7s and 6d character. Double occupation of these three orbitals was thus enforced in subsequent calculations. The remaining six electrons were then allowed to freely occupy the remaining 5f and 6d orbitals while searching for the occupation resulting in the lowest energy. The most stable electronic structure was found to be a septet state (that is, the remaining six electron spins are parallel), and to have a total orbital angular momentum, L, equal to 11 atomic units (a.u.).
The molecular orbitals involved in forming U 2 are depicted in Fig. 1 , together with the occupation number of each orbital (or pair of orbitals). As illustrated in the figure, the lowest-energy doubly occupied molecular orbital is of 7sj g type, corresponding to a 'typical' single j-bond. The other two doubly occupied orbitals are degenerate, of covalent p-type and result from combinations of 6d and 5f atomic orbitals (6dp u in the figure). Two singly occupied orbitals, of j-type (6dj g ) and d-type (6dd g ), respectively, give rise to one-electron bonds between the two atoms. Two further singly occupied orbitals, of d-type (5fd g ) and p-type (5fp u ), respectively, give rise to two additional (but weak) one-electron bonds. Finally, two electrons occupy what may be considered fully localized 5fJ orbitals. Overall, our calculations indicate that U 2 has three strong 'normal' electron-pair bonds, two fully developed one-electron bonds, two weak one-electron bonds, and two localized electrons. The singly occupied 5fJ orbitals add up to one 5f orbital on each atom with the electron spins parallel. In such a situation, the two electrons usually couple such that the total spin becomes zero (spinup on one atom and spin-down on the other), because this antiferromagnetic coupling provides some additional bonding, even if small. For U 2 , however, all spins are predicted to be parallel (ferromagnetic coupling), which can be attributed to 'exchange stabilization': if all open-shell electrons have the same spin, the interaction between the non-bonding 5f electrons and the two oneelectron bonds is energetically more favourable than the antiferromagnetic coupling of the 5f electrons.
The total wavefunction for the ground state can be expressed as a linear combination dominated by essentially two electronic configurations:
All the 7s, 6d and 5f orbitals contribute to this wavefunction. The orbitals in equation (1) letters to nature the two terms in equation (1) then yields the total orbital angular momentum, The large number of orbitals available to the unpaired electrons permits this molecule to have the very large total orbital angular momentum of 11 a.u. However, in a heavy-atom system the combination of spin and orbital angular momenta must be considered. Our calculations show that in the case of U 2 , the total angular momentum around the molecular axis is 14 a.u. (11 a.u. from the orbitals plus 3 a.u. from the total spin). High angular momentum values have been found in lanthanide compounds, where the 4f electrons giving rise to such high values are localized and do not participate in chemical bonding. In U 2 , all electrons contribute to the bonding.
We have computed energies for a number of points in the neighbourhood of the equilibrium distance and also for two separated uranium atoms. The results for the distance with the lowest energy are presented in Table 1 , giving energies where dynamic correlation is included in the calculations (CASPT2), and energies where both dynamic correlation and the effect of spin-orbit coupling are included in the calculations (CASPT2-SO). The CASPT2 level gives a dissociation energy of 40.2 kcal mol 21 , which decreases to 30.5 kcal mol 21 when the effect of spin-orbit coupling is added. We find an equilibrium bond distance of 2.43 Å and a harmonic vibrational frequency of 265 cm 21 . The only experimental datum on neutral U 2 available for comparison is a dissociation energy of 52^5 kcal mol 21 (ref. 4) . Spectroscopic studies are clearly desirable to assess our results and establish the ground electronic state of U 2 , which is expected on the basis of the current work to be a 7 11 14 state. However, the present computational approach has been used in a number of earlier studies of actinide compounds, yielding results in agreement with experiment both for structural properties and relative energies (see, for example, the recent study 13 of the electronic spectrum of the UO 2 molecule). On the basis of the earlier results, we estimate that the computed U 2 bond distance is accurate to better than 0.05 Å . Estimating the uncertainty in the calculated binding energy is more difficult, because a comparably complicated chemical bond has not been treated before, and because balanced treatment of the molecule and the free atoms is difficult. Nonetheless, the U 2 molecule is undoubtedly bound with an appreciable binding energy. Moreover, the fact that all low-lying energy levels correspond to the same general electronic structure assures us that our description of the binding mechanism is correct.
The first attempt 5 to use correlated electronic structure theory to describe the bonding in a system as complex as U 2 faced methodological and computational limitations, so the calculations were not sufficiently accurate to fully describe the bonding. Moreover, spinorbit effects were not explicitly included. In contrast, the present results have been obtained from a CASSCF wavefunction that is based on 20 active orbitals with six active electrons, which gives much greater flexibility in the construction of the most stable electronic structure with respect to the total spin and orbital angular momenta (see Methods for details). For example, while the earlier calculations on U 2 concluded correctly that six of the valence electrons occupy the 7sj g and the two 6dp u orbitals, and that most of the binding energy is contained in these three chemical bonds, the use of only six active orbitals for the remaining six electrons resulted in a 5 S g þ ground state unbound with respect to dissociation. The resultant suggestion that this state of U 2 will at most be a metastable species is very different from the present findings, but can be explained by the fact that the U 2 wavefunction exhibits strong configurational mixing not accounted for in the earlier work. This situation highlights the advantages of improved methodology and computational resources available today, which have made it possible for us to carry out an accurate computational investigation of a molecule as large as U 2 and reveal its unique bonding pattern.
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CASSCF calculations
The quantum chemical calculations were performed using the CASSCF method 9 . This is based on a partitioning of the molecular orbital space into three subspaces: inactive, active and external orbitals. The inactive orbitals are assumed to be doubly occupied. Remaining electrons occupy the active orbitals. The choice of these orbitals is crucial for the method. It should encompass all electronic structures that can be expected to be important for the quantum chemical problem studied. It is in principle simple to choose the active orbitals for the description of a chemical bond and its dissociation: one needs to use all orbitals that can be generated from the valence orbitals of the two atoms involved. It has been described above how the choice was made in the present case. We used a basis set of the atomic natural orbital (ANO) type that has been developed especially for relativistic calculations with the Douglas-Kroll-Hess (DKH) hamiltonian. A primitive set 26s23p17d13f5g was contracted to 9s8p7d5f2g. A larger ANO basis set was constructed for the calculation of the binding energy, in which the primitive set 27s24p18d14f6g3h was contracted to 11s10p8d6f3g1h.
CASPT2 and spin-orbit calculations
Dynamic correlation effects were computed using second-order perturbation theory (the CASPT2 method) 10 . For atoms as heavy as uranium it is necessary to include relativistic effects. They were included using the second-order DKH hamiltonian. The scalar part of this hamiltonian was used in the generation of the CASSCF wavefunction. The calculations were performed for a number of electronic states of gerade symmetry (after checking that states of ungerade symmetry were higher in energy). Spin-orbit (SO) coupling was then included by allowing the CASSCF wavefunctions to mix under the influence of the SO hamiltonian. The number of such wavefunctions was increased until the ground state energy was converged to 10 24 a.u. (1 a.u. ¼ 2,625.50 kJ mol 21 ). The final calculation included 16 CASSCF wavefunctions in the SO calculation. The method is described in detail in ref. 14, and references therein. It has been applied to a number of heavy atom systems with good results both for ground state properties and excited states.
Calculations were performed for a number of points around the equilibrium geometry. The binding energy was estimated from a calculation on the uranium atom, which was performed with the same basis set used for the U 2 molecule and with the valence orbitals active. In the atomic calculation, the full diatomic basis set was used to correct for the basis set superposition error. The ground state of the uranium atom is 5 L, which is 17-fold degenerate. Calculations were performed for all 17 components. We used the corresponding wavefunctions as the basis in a subsequent SO calculation of the J ¼ 6 ground level. The results of these calculations are presented in Table 1 and discussed in the text. 
